We developed a lead substances selection approach based on the concept of mixture classification of UN GHS for the purpose of efficient risk assessment of mixtures consisting of multiple components. Lead substances selection methods are being actively developed in Europe, but these methods are predicated on the regulations and information sources available within Europe and are therefore not readily applicable to countries outside Europe. In this study, the features of the GHS-based approach and the risk assessment results for outdoor painting work as a specific utilization example of the GHS-based approach were described. Comparison with the DPD þ method and the CCA method proposed in Europe revealed that the GHS-based approach resulted in the selection of the safest lead substances. The GHS method, like the DPD þ method, is a classification-based approach. We believe that a classificationbased approach based on the GHS method can be an appropriate tool to efficiently implement risk assessment of mixtures for countries outside Europe. Some tools for business operators to conduct the management of chemicals using the GHS classification have been established in Japan. We plan to propose the GHS-based approach as a standardized assessment tool.
Introduction
At the 2002 World Summit on Sustainable Development held in Johannesburg, with the objective of proper management of chemicals, an international agreement was reached to "use and produce chemicals in ways that minimize significant adverse effects on human health and the environment." In order to achieve this goal, in 2006, the International Council of Chemical Associations (ICCA) vowed to implement the Responsible Care Global Charter and the Global Product Strategy (GPS) (ICCA, 2016) . In response to this announcement, in 2009, the Japan Chemical Industry Association (JCIA) commenced the Japan Initiative of Product Stewardship (JIPS), inaugurated the Evaluation Technology Working Group, and began to promote new voluntary chemicals management initiatives. One of the initiatives is the issuance of the JIPS Risk Assessment Guidance (JCIA, 2011) . The Guidance, which consists of the Japanese translation of the ICCA Guidance on Chemical Assessment 2nd Edition and case studies conducted by JCIA, is serving as a guidebook for Japanese business operators engaged in GPS/JIPS activities to carry out risk assessment. However, the Guidance mainly describes risk assessment methods that are focused on chemicals consisting of a single substance, and many requests for risk assessment guidance for mixtures have arisen, mainly from business operators dealing with products consisting of mixtures. On a global basis, while various mixture risk assessment methods have been proposed for individual countries and regions or for specific sectors (e.g., agricultural chemicals), there currently is no harmonized, globally accepted risk assessment method (Feron et al., 1995; Feron and Groten, 2002; Groten, 2000; Meek et al., 2011; Money et al., 2011; € Okopol, 2012; Reffstrup et al., 2010; Teuschler, 2007; Wilkinson et al., 2000) . Additionally, there have been ongoing debates on hazard interaction among components of chemical mixtures and the handling of mode of action (Feron et al., 1995; Feron and Groten, 2002; Groten, 2000; Wilkinson et al., 2000) .
Lately, in Europe, so-called "lead substance is selected" methods have been actively developed and proposed, where subjects of risk assessment are narrowed down to substances with high hazard or content for the purpose of efficiently assessing mixtures consisting of multiple materials (CEFIC, 2009 (CEFIC, , 2010 ECHA, 2008) . While the Dangerous Preparations Directive (DPDþ) method or the Critical Component Approach (CCA) method proposed in Europe are particularly useful for business operators to efficiently carry out risk assessment or to determine risk management measures, they are predicated on regulations and information sources available within Europe (e.g., R phrase concentration limits, Derived No-Effect Level (DNEL)) and are not readily applicable to countries outside Europe. In light of this, we have developed a risk assessment method for mixtures by applying the mixture classification concept of the United Nations Globally Harmonized System of Classification and Labelling of Chemicals (GHS) (United Nations, 2015) to the selection of lead substances. This report describes the features of the GHSbased approach, risk assessment results for outdoor painting work as a specific utilization example of the GHS-based approach, and results of comparisons with the DPD þ method and the CCA method.
2. A brief review of selection of lead substance for mixture risk assessment
DPD þ method
The DPD þ method is used to select lead substances based on the former classification results in Europe and the content of components (CEFIC, 2009 (CEFIC, , 2010 . The Lead Substance Index (LSI), an index for selecting lead substances, is calculated for each exposure route of inhalation, dermal, oral, local effect, and aquatic environment. The equation for calculating LSI is shown below, where Ci is the concentration of component i in the mixture, and CLi the R phrase concentration limit of component i in the mixture (EC, 1999) . For inhalation exposure, the vapor pressure (VP) of each component is also taken into account.
where Vp i : vapor pressure of component i in the mixture (25 C) C i : concentration of component i in the mixture. CL i : R phrase concentration limit of component i in the mixture. The substance with the highest LSI is selected as the lead substance for each hazard endpoint. However, if the difference in LSI between the substance with the highest LSI and the substance with the second highest LSI is less than 10%, the substance with the second highest LSI is also selected as a lead substance, resulting in multiple substances selected as lead substances. Substances that fall under Category 1 or Category 2 in respiratory sensitization, carcinogenicity, mutagenicity or reproductive toxicity under the Dangerous Substances Directive (EEC, 1967) , as well as PBT/vPvB substances, are always selected as lead substances.
CCA method
The CCA method was first introduced in the draft guidance documents prepared by the REACH Implementation Project 3.5, and was detailed in the Guidance for downstream users 2008 Edition by the European Chemicals Agency (ECHA, 2008) . This is a method to select lead substances (called "Critical Component" in this method) from all components of mixture based on DNEL and Predicted No-Effect Concentration (PNEC). The Risk Determining Substance Score (RDSs), a score of substance requiring determination of risk, is calculated for each exposure route of inhalation, oral and dermal. For inhalation, the vapor pressure is included as a parameter as it greatly affects the exposure amount. The equation for calculating RDSs is: The substance with the highest RDSs is selected as the lead substance for each hazard endpoint. On selecting lead components, this method is predicated on calculation of the RDSs of all components in a mixture by obtaining their DNELs or PNECs.
GHS-based approach for selection of lead substance

GHS-based approach
The GHS-based approach is a method to select components that contribute to GHS classification of a mixture as lead substances. The GHS classification of a mixture is, as shown by the GHS classification criteria for mixtures in the UN GHS document, determined by the GHS classification and concentration of its components (United Nations, 2015) . As an example, the GHS-based lead substance selection for mixtures with skin irritation or specific target organ toxicity is shown in Table 1 . For skin corrosion/irritation, the concentrations of components in the same category are summed and the GHS classification of the mixture is determined by the total concentration. In Table 1 , the total concentration of components falling under Category 1 exceeds the criteria (5%), and the mixture is classified under Category 1 for skin corrosion/irritation. Components A and B satisfy this criteria, and are selected as lead substances. These lead substances are responsible for local effects through the dermal route. For specific target organ toxicity (Category 1 or Category 2), the GHS classification of the mixture is determined based on the GHS classifications and concentrations of components whose concentrations are higher than the threshold concentration. In Table 1 , components A and B are such components, and each enables the determination of the GHS classification of the mixture regardless of other components. Therefore, components A and B are selected as lead substances. These lead substances are responsible for systemic effects through the inhalation route.
Mixture risk assessment by lead substances
Selecting lead substances makes mixture risk assessment much more efficient. As shown in Fig. 1 , similar to the process of risk assessment for single-substance chemicals, mixture risk assessment is carried out based on the following process: (1) Information gathering, (2) Hazard characterization, (3) Exposure assessment, (4) Risk characterization, and (5) Risk management measures. In "(1) Information gathering," information is gathered on the exposure scenario, determination of exposure route, amount of use, etc., as well as on the physicochemical properties of components, the toxicity, and the existence of inter-component interaction. In "(2) Hazard characterization," lead substances are selected in accordance with a certain rule, and the hazard indices of lead substances for the identified route of exposure (e.g., Occupational Exposure Limit (OEL), DNEL) are determined. In "(3) Exposure assessment," exposure scenarios are established, and the estimated exposure concentration of the lead substance is calculated. In "(4) Risk characterization," risk assessment is carried out for each lead substance and the mixture using risk assessment indices, including Risk Characterization Ratio (RCR), and the risk is characterized. In "(5) Risk management measures," management measures for reducing the risk are implemented as necessary, based on the result of (4) above. The underlined sections in Fig. 1 are requirements specific to mixtures, namely, existence of inter-component interaction, selection of lead substance in accordance with a certain rule, and mixture risk characterization (RCR Total ).
Case study: mixture risk assessment by GHS-based approach
This section describes a case study of lead substance selected from a mixture using the GHS-based approach followed by exposure and risk assessment. The subjects of assessment were workers who handle urethane resin paints. The European Center for Ecotoxicology and Toxicology of Chemicals Targeted Risk Assessment (ECETOC TRA) version 3.1 worker exposure model was used for the exposure and risk assessment (ECETOC, 2009 (ECETOC, , 2012 .
Chemicals
The paint used for this case study was a two-component Table 1 GHS classification of the mixture and selection of the lead substances. Fig. 1 . Mixture risk assessment process. reaction type acrylic urethane paint, where a main agent and a curing agent are mixed immediately before use and dried hard under normal temperatures. The main agent consists of an acrylic resin (solid), titanium dioxide, toluene, butyl acetate, ethyl acetate, methyl isobutyl ketone, ethylene glycol monoethyl ether acetate, additives, and others. The curing agent consists of hexamethylene diisocyanate trimer, hexamethylene diisocyanate, toluene, butyl acetate, ethyl acetate, and others. The main agent and the curing agent are mixed at a ratio of 9 to 1. The subject components of this assessment and the resulting contents after mixing the main agent and the curing agent are summarized in Table 2 . Although the paint contains acrylic resin, titanium dioxide and other additives, they were excluded from the risk assessment because no direct exposure to these components is expected to occur considering the characteristics and the use of the product.
Exposure scenario
Based on interviews of relevant industry associations in Japan, as shown in Fig. 2 , a typical situation for workers handling a urethane resin paint is to mix two solutions for about 10 min at an outdoor painting work site (not manual mixing), transfer the mixture to a smaller container for painting from a larger container for mixing, perform painting work all day, and finish the work by washing the equipment (e.g., brushes) and containers used. Therefore, exposure scenarios were set as Mix, Transfer, Paint and Wash.
Hazard assessment 4.3.1. Hazard information investigation
The result of GHS classification of components needed for selection of lead substances was sourced from the information obtained and disclosed by the Japanese government (NITE, 2016) . Other necessary information, including physicochemical properties, was sourced from existing, publicly available information.
Selection of lead substance by GHS classification
The results of selection of lead substance by GHS classification for six components are shown in Table 3 . Lead substances that contributed to mixture classification and required risk assessment were: butyl acetate and methyl isobutyl ketone for acute toxicity (inhalation: vapor); butyl acetate for acute toxicity (inhalation: dust, mist); butyl acetate and methyl isobutyl ketone for eye irritation; toluene and 2-ethoxyethyl acetate for reproductive toxicity; methyl isobutyl ketone for carcinogenicity; toluene, butyl acetate, ethyl acetate, methyl isobutyl ketone and 2-ethoxyethyl acetate for specific target organ toxicity (single exposure); and methyl isobutyl ketone for specific target organ toxicity (repeated exposure). The selection results are summarized in Table 4 . Based on adverse health effects through the inhalation route, five components, namely, butyl acetate, methyl isobutyl ketone, toluene, ethyl acetate and 2-ethoxyethyl acetate, were selected as the lead substances. For the selected five components, hazard characterization, exposure assessment, risk characterization and risk management measures were carried out in accordance with Fig. 1 . Regarding eye irritation, the risk management measure taken was a warning about local effects. Effects of inhalation route, carcinogenicity, and reproductive toxicity are described in the next section.
Occupational exposure limit
The short term and long term hazard assessment values needed for exposure and risk assessments of the five components above using ECETOC TRA were selected from the allowable inhalation concentrations available in Japan and overseas. The allowable inhalation concentrations stipulated by the Japan Society for Occupational Health, American Conference of Governmental Industrial Hygienists (ACGIH), European Agency for Safety and Health at Work (EU-OSHA), Germany, and the United Kingdom Health and Safety Executive (HSE) are shown in Table 5 Table 4 , toluene and 2-ethoxyethyl acetate were selected as lead substances as they respectively fall under Category 1A and Category 1B for reproductive toxicity, and methyl isobutyl ketone was selected because it falls under Category 2 for carcinogenicity. However, the reproductive toxicities of toluene and 2-ethoxyethyl acetate were taken into account for setting the allowable concentration (U.S. , and they were therefore judged to not require individual assessment. The carcinogenicity of methyl isobutyl ketone was not included in this assessment because IARC classified it under Group 2B (IARC, 2012), while ACGIH judged that there was no clear evidence of carcinogenicity to humans (U.S. ACGIH, 2010).
Exposure assessment
Exposure assessment was conducted only by taking into account the inhalation exposure of workers. For the five lead substances selected by the GHS-based approach, ECETOC TRA input parameters were determined, and the maximum exposure concentrations and estimated exposure concentrations were calculated based on Section 4.2 Exposure Scenario. The ECETOC TRA input parameters are summarized in Table 6 . The estimated exposure concentrations are shown in Table 7 .
Risk characterization
The risk of the components was assessed by determining the RCR for each component, and it was judged that the "risk is managed" when the RCR was less than one. The RCR of each component obtained using ECETOC TRA is summarized in Table 8 . For each exposure scenario of "Mix", "Transfer", "Paint" and "Wash", the RCRs of butyl acetate, methyl isobutyl ketone, toluene, ethyl acetate and 2-ethoxyethyl acetate were in the range of 0.018e0.21 for short term exposure, which is less than one, and it was judged that the "risk is managed". For long term exposure, the RCRs of butyl acetate, methyl isobutyl ketone, toluene, ethyl acetate and 2-ethoxyethyl acetate were in the range of 0.0011e0.11, which is less than one, and it was judged that the "risk is managed". The risk of the mixture was assessed by summing the RCRs of each component, RCR Total although ACGIH does not recommend dose additivity when the endpoints of mixture components are different. However an evaluation using an additive model was performed since the lead substances selected in this study are all volatile organic compounds and the endpoints would be similar. Similar to the risk assessment of individual components, it was judged that the "risk is managed" when the RCR Total was less than one. The RCR Total is summarized in Table 8 . For each exposure scenario of "Mix", "Transfer", "Paint" and "Wash", the RCRs Total of butyl acetate, methyl isobutyl ketone, toluene, ethyl acetate and 2-ethoxyethyl acetate were in the range of 0.37e0.40 for short term exposure, which was less than one, and it was judged that the "risk is managed". For long term exposure, the RCRs Total of toluene, butyl acetate, ethyl acetate, methyl isobutyl ketone and 2-ethoxyethyl acetate were in the range of 0.028e0.33, which was less than one, and it was judged that the "risk is managed".
Discussion
We developed a lead substances selection approach based on the concept of mixture classification of UN GHS for the purpose of realizing efficient risk assessment of mixtures consisting of multiple components. Lead substances selection methods are being actively developed in Europe, but these methods are predicated on the regulations and information sources available within Europe and are therefore not readily applicable to countries outside Europe. In contrast, GHS is global and countries outside Europe are also familiar with it. In Japan, the national government has conducted the GHS classification of substances for more than 10 years, mainly for substances subject to legal regulations. The classification results are made available to the public as model GHS classification, and the number of classified substances exceeds 3000 (NITE, 2016) . Therefore, by ignoring unclassified substances present in high concentration in the mixture, the possibility of influencing the selection of lead substances is low.
Additionally, the Ministry of Economy, Trade and Industry has made available to the public the GHS Mixture Classification System that enables the GHS classification of mixtures based on UN GHS Document (4th Revision as of 2016) for the purpose of assisting the GHS classification of mixtures by business operators (METI, 2013) . As such, in Japan, tools for business operators to carry out the selection of lead substances using the GHS classification have been established. The representative lead substances selection methods developed in Europe are the DPD þ method and the CCA method (CEFIC, 2009 (CEFIC, , 2010 ECHA, 2008) . Lead substances selected by the GHS-based approach, DPD þ method and CCA method are shown in Table 9 . Basic information on lead substances selection by the DPD þ method and the CCA method is listed in Appendix 1 and Appendix 2, respectively. The number of substances selected by the GHS-based approach was the largest with five, and the substance selected by the CCA method was the smallest with one. Substances selected by the GHS-based approach cover all substances selected by the DPD þ method and the CCA method, indicative of the selection having been made as safely as possible. The RCRs of components for the "Paint" scenario, as listed in Table 8 , are shown in Table 9 . The RCR of short term exposure was the highest for methyl isobutyl ketone with 0.21, followed by toluene at 0.084, 2-ethoxyethyl acetate at 0.044, butyl acetate at 0.043 and ethyl acetate at 0.021, with the RCRs of methyl isobutyl ketone and toluene higher than the rest by a great degree. Meanwhile, the RCR of long term exposure was again the highest for methyl isobutyl ketone at 0.11, followed by toluene at 0.11, 2-ethoxyethyl acetate at 0.088, butyl acetate at 0.021 and ethyl acetate at 0.011, with the RCR of methyl isobutyl ketone higher than the rest by a great degree. These results indicate methyl isobutyl ketone and toluene contributed to the risk of the mixture for short term exposure and methyl isobutyl ketone for long term exposure. It is therefore important that these substances are selected as lead substances as targets of assessment. The GHS-based approach selected all of these substances for short term exposure through the inhalation route, indicative of its capability to enable appropriate lead substances selection. As a side note, though hexamethylene diisocyanate trimer and hexamethylene diisocyanate were not selected as lead substances, risk assessment were conducted since these substances are obviously sensitizing substances and especially hexamethylene diisocyanate has a very low OEL (0.034 mg/m 3 ) (U.S. ACGIH, 2016). We confirmed that the estimated exposure concentration using the Advanced Reach Tool (ART) for the scenario of this study was lower than the OEL hexamethylene diisocyanate. Additionally, it was reported that hexamethylene diisocyanate trimer (1 mg/m 3 ) would have an orders of magnitude higher OEL compared with hexamethylene diisocyanate (Lee et al., 2003; Pauluhn and Mohr, 2001 ). Therefore, we also concluded that there is no risk for these substances. The GHS method, like the DPD þ method, is a classificationbased approach. We recognize that the GHS method is not based on NOAELs from specialized and/or repeated exposure studies to arrive at meaningful occupational exposure levels relative to exposure potential like CCA method. However it is not easy to use CCA method for countries outside the EU for which the hazard assessment values, like DNEL, of many substances have not yet been proposed. Therefore, we believe that the classification-based approach based on the GHS method can be an appropriate tool to efficiently implement risk assessment of mixtures.
We realize that this case study does not fully explain the benefits of choosing more adequate lead materials with lower toxicity, and that there might be an advantage in choosing an exposure profile as different as possible for components with higher toxicity. Currently, we are conducting various case studies to further explore this.
In Europe, for the purpose of consolidating exposure scenarios for components of mixtures, methods other than the DPD þ method and the CCA method have been proposed (ENES, 2012 (ENES, , 2013 Finking and B€ ogi, 2013; Taxell et al., 2014) . For example, the Lead Component Identification methodology (LICD) is a method combining the DPD þ method and the CCA method where lead substances are selected using DNEL or PNEC, or LD50, EC50, if DNEL or PNEC is unavailable. The Lead Component Index (LCI), an index for selecting lead substances, is derived for inhalation, oral, dermal, local effect, and aquatic environment, and the component with the highest LCI is selected as a lead substance. We plan to validate the proposed GHS-based lead substances selection through risk assessment of various mixtures, while monitoring the trend of new lead substances selection approaches, especially those proposed by industry groups in Europe.
Conclusion
In this study, we developed a lead substances selection approach based on the concept of mixture classification of UN GHS (Table 7) /Occupational exposure limits (Table 5) .
for the purpose of efficient risk assessment of mixtures consisting of multiple components. The features of the GHS-based approach and the risk assessment results for outdoor painting work as a specific utilization example of the GHS-based approach were described. Comparison with the DPD þ method and the CCA method proposed in Europe revealed that the GHS-based approach enabled the selection of more substances as lead substances, the selection of all the substances with major contribution to the risk of the mixture as lead substances, and therefore the selection of the safest lead substances. The GHS method, like the DPD þ method, is a classification-based approach. We believe that the classificationbased approach based on the GHS method can be an appropriate tool to efficiently implement risk assessment of mixtures for countries outside Europe. Tools for business operators to carry out the management of chemicals using the GHS classification have been established in Japan, and we plan to propose the GHS-based approach as a standardized assessment tool.
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